The accuracy of electrocardiography, M·mode eehocardiography and two-dimensional echocardiography in predicting left ventricular hypertrophy was compared in 50 patients who came to autopsy within 6 months after the studies were performed. Several methods for determining left ventricular hypertrophy were examined for each of the three techniques. M-mode echocardiography was technically adequate to evaluate the presence or absence of left ventricular hypertrophy more often than either electrocardiography or two-dimensional echocardiography. Measurements from M-mode echocardiLeft ventricular hypertrophy is the response of the left ventricle to the stresses of pressure or volume overload (1) . Although the 12lead electrocardiogram is thestandard method used in detecting left ventricular hypertrophy in patients, it has significant limitations in sensitivity and specificity, and little value in predicting the quantitative extent of hypertrophy. In practice, echocardiography, which can accurately quantitate left ventricular mass (2), is often used qualitatively in support of the electrocardiographic diagnosis of left ventricular hypertrophy. There are, however, few data regarding the relative accuracy of electrocardiography and echocardiography in identifying left ventricular hypertrophy (3). Therefore, this study was undertaken to compare electrocardiography, M-mode echocardiography and twodimensional echocardiography in detecting left ventricular hypertrophy which was established by measurements of left ventricular mass at postmortem examination. 
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ography also correlated best with autopsy measurements. Both echocardiographic techniques had a higher sensitivity than electrocardiographic criteria in diagnosing left ventricular hypertrophy. Two-dimensional echocardiography was not shown to improve the M·mode assessment of left ventricular hypertrophy. In an attempt to simplify both M·mode left ventricular mass calculations and the diagnosis of left ventricular hypertrophy for the clinician, a left ventricular mass nomogram was constructed, enabling quick insertion of standard M-mode echocardiographic measurements.
Methods
Study patients. The study groupconsistedof 50 patients aged 19 to 91 years (mean 65), who underwent autopsy at the University of California, Davis Medical Center over a 15 month period. It included all patients who had both electrocardiographic and M-mode echocardiographic examinations within 6 months of death (range 1 to 150 days), with the exception of 5 to 10 patients whose hearts were saved for instructional use and were hence unavailable. The mean interval from electrocardiogram to death was 30 days, and from M-mode echocardiogram to death 29 days. Of these patients, 23 had two-dimensional echocardiographic examinations at a mean of 21 days (range 1 to 98) before death.
Autopsy diagnoses. A formalin-fixed heart specimen was obtained from every patient for dissecting and weighing of the left ventricle. Final pathologic diagnoses in the 50 autopsy patients are shown in Table I .
Electrocardiographic analysis. Voltage. Deflection from baseline of the larger S wave in precordial lead VI or V2 was added to the larger R wave in lead V:; or V6 . The precordial voltage by Sokolow's criterion (4) was also examined (the S wave in VI added to the larger R wave in V:; (5) .
Estes point score. This was calculated by assigning point s for key abnormalities on the electrocardiogram, such as QRS voltage and width, left axis deviation, delayed intrinsicoid deflection and strain (6). The maximal possible total score was 10; if 5 or greater, left ventricular hypertrophy was present; if 4, left ventricular hypertrophy was uncertain and if 3 or less, left ventricular hypertrophy was absent.
M-mode echocardiographic analysis. M-mode echocardiograms were obtained supine at the left sternal border through the fourth or fifth intercostal space using a SmithKline Instruments Ekoline 21 echocardiograph and a Honeywell strip chart recorder, or using the M-mode strip chart function of an lrex System 3, an ATL Mark III or an ATL Mark V sector scanner. Measurements were made at the tips of the mitral valve leaflets (Fig. I) . The onset of an R wave on the electrocardiographic tracing was used to time end-diastolic measurements (7) . All measurements were the mean of at least three cardiac cycles. Although these authors recommend the "Penn convention" (that is, exclude the most anterior septal echo and include the nearest posterior wall echo in left ventricular chamber diameter, generating thinner walls and larger left ventricular chamber diameter), after examining the first 25 patients using both the Penn convention and standard leading-edge to leading-edge measurements, we found the latter gave a better correlation with measured left ventricular weight. Thus, for this study we used the leading edge to leading edge convention in our mass calculations. Two-dimensional echocardiographic analysis. Twodimensional eehoeardiograms were made using videotaped recordings from an ATL Mark III or ATL Mark V mechanicalsector scanner or an Irex System 3 or Toshiba SSHlOA phased array sector scanning device. They were performed with the patient supine, with the parasternal approach for a short axis view at the tips of the mitral valve leaflets and an apical four chamber view for a long-axis measurement of the left ventricle (Fig. 2) . The observer tracedthe innerepicardial and inner endocardialechoes with a computerized light-pen system that calculated both an epicardial (A cp ,) and endocardial (A endo ) area. Using the same light-pen system, left ventricular length was measured on the four chamber view from the most distal apical point visible to the juncture of the interventricular septum and the anterior mitral valve leaflet. These two-dimensional echocardiographic measurements were made at the onset of an R wave on the electrocardiographic tracing and visually verified by superimposing the light-pen tracings over at least three beats. Left ventricular mass was predicted by using a cylindrical approximation:
Left ventricular mass (g) = (A e p • -A e ndo ) x length x 5/6 (8).
We also examined the left ventricular mass predicted by a second cylindrical model:
Left ventricular mass (gm) = (A ep , -A end o ) x length x 0.55 + 11 g (9) .
Necropsy left ventricular mass. Dissection of each heart specimen was performed according to the method of Bove et al. (10, 11) . First the right ventricular free wall was removed along the curve of the interventricular septum so that the remaining left ventricle plus interventricular septum had a nearly smooth, circular cross section. Then the aorta was removed just below the three semilunar valve cusps and the left atrium excised at the level of the mitral valve anulus. What remained was a left ventricle, free of atria and great vessels. After excess epicardial fat greater than I mm thick was dissected away, the ventricle was weighed on a precision balance. Weights ranged from 109 to 437 g (mean 223). Left ventricular hypertrophy is definitely present when the mass of left ventricle plus septum is 225 g or greater (\2,13). On the basis of this criterion, pathologic left ventricular hypertrophy was judged present in 18 specimens; the other 32 had a weight within normal limits.
Results
Sensitivity and specificity of the three methods. Of the 50 patients,S had left bundle branch block, I had complete heart block and 2 had active ventricular pacing wires, invalidating both voltage and Estes point score as electrocardiographic diagnostic methods in these 8 patients. For the remaining 42, the sensitivity and specificity of the electrocardiographic variables are shown in Table 2 . M-mode echocardiograms in 2 of the 50 patients were of sufficiently poor quality that they could not be read for measurements. Two-dimensional echocardiographic measurements could be made in 19 of the 23 patients who had two-dimensional echocardiographic examinations. Sensitivities and specificities for the M-mode and two-dimensional echocardiographic mass predictions are also shown in Table  2 . Two-dimensional echocardiographic estimates of left ventricular mass had the highest sensitivity when used in diagnosing left ventricular hypertrophy in the 19 patients Figure 2 . Two-dimensional echocardiographic analysis. The parasternal short-axis view at the tips of the mitral valve leaflets (left) was imaged at the onset of an R wave on the electrocardiographic tracing and traced with a computerized light-pen system. Inner endocardial (ENDO) and inner epicardial (EPI) outlines of the left ventricle were traced, generating areas for each. The apical four chamber view (right) was used for measuringlong-axis length with the same computerized light-pen system. Again,at the onsetof an R wave, the observer markedthe point where the interventricular septum and anterior mitral valve leafletmet, as well as the most distal apical point visualized. examined , although these results are not significant. Mass prediction by M-mode echocardiography was high in both sensitivity and specificity when used in detecting left ventricular hypertrophy in 48 patients , with a predictive value similar to that of two-dimensional echocardiography. The M-mode sensitivity is significantly higher than the sensitivity of any electrocardiographic variable in diagnosing left ventricular hypertrophy.
Electrocardiographic correlations. Linear regression analysis was performed comparing necrop sy left ventr icular mass with electrocardiographic voltage , M-mode predicted mass and two-dimensional echocardiographic predicted mass (Fig . 3) . Despite a large degree of scatter, electrocardiographic voltages correlated significantly with necropsy left ventricular mass in 42 patients. Sokolow' s electrocardiographic voltage measurements correlated similarly with necrops y left ventricular mass (correlation coefficient [r] = 0.36 ).
The Estes point score versus anatomi c L eft ventricuLar mass linear regression (who se graph is not shown) had a poor correlation coefficient of r = 0. 34 in 42 patient s.
Although the linear regre ssion of Estes score versus necropsy left ventricular mass was quoted in another study (3), we believe that this value does not lend itself to linear regres sion analysis, because the Estes point score is a measure of the probability that left ventricular hypertrophy is present rather than a grading scale for its severity.
Echocardiographic correlations. M-mode mass prediction (Fig . 38 ) correl ated well with actual left ventr icular mass in 48 patient s (standard error of the estimate = 51 g) in spite of increased scattering of point s at extremely large weights. It was noted on the M-mod e mass linear regression analysis that a heart with left ventricular mass of 225 g would yield M-mode measurements predicting 265 g for left ventri cular weight. For this reason, 265 g was used as the M-mod e mass criterion for diagno sing left ventricular hypertrophy. Two separate groups of M-mode echocardiograms were also examined: those performed less than I month before death and those performed between I and 6 months before death . Correlations with necrop sy left ventricular mass (r = 0.81 and r = 0 .83, respectively) were similar.
Two-dimensional echocardiographic mass prediction (8) in 19 patients also correl ated significantly with actua l left ventricular mass , but there was marked scatter (Fig . 3C ). This correlation persisted when linear regre ssion was performed between necropsy left ventricular mass and the other two-dimensional echocardiograph ic mathemat ical model examined (9) (y = 0.65x + 57; r = 0 .50).
Discussion
In this study, no single diagnostic techn ique for left ventricular hypertrophy could be examined in all 50 patient s. Left bundle branch block , complete heart block and ventricular pacing wires eliminated electrocardiographic evaluation in a number of patients, and record ings of poor quality eliminated two-dimensional echocardiographic quantification in a sizable group. Thou gh M-mode echocardiographi c measurements were the least often hampered by an unmea sureable study, this finding can vary with patient population , examination technique and proficienc y of M-mode echocardiographic interpretation.
Electrocardiography. Electrocardiographic variables are known to have little value in detectin g mild to moderate left ventricular hypertrophy (5, (14) (15) . This study also shows that electrocardiographic voltage correlates poorly with left ventricular weight and has limited diagno stic accuracy when assessing left ventricular hypertrophy. The Este s point scoring system (6), first devised from an analysis of the electrocardiographic chan ges noted in left ventricular hypertrophy (16) , was originally reported to be 60% sensitive and 95% specific in diagno sing left ventricular hypertrophy. Our values of 54% and 86%, respectively, are similar. Althou gh other point scoring systems have been propo sed ( 17) , they involve more complicated data acquisition and have not improved on the Estes score in diagno sing left ventricular hypertrophy .
• M-mode echocardiography. By using left ventriculography, excellent left ventricular mass predictions were developed requiring similar wall thickness and diameter measurements to those from echocardiograms (9, (18) (19) (20) . M-mode echocardiographic prediction of left ventricular mass was first correlated with this angiographic mass determination (21) , and then with anatomic left ventricular mass (2, 22) . Our linear regression showed a similar correlation to that found in these three studies. Within 6 months of death, we found no time-related change in patients' left ventricular hypertrophy that affected our prediction of postmortem left ventricular mass by M-mode echocardiography. Myocardial infarction leading to thin scarred walls and isolated compensatory hypertrophy, as well as asymmetric septal hypertrophy, can all affect mass determinations by echocardiography, particularly M-mode mass predictions. This may well limit the linearity of correlation in a broad patient population such as the one studied.
Although the Penn convention of wall thickness measurement was devised to better estimate mean myocardial thickness because of apical thinning and absence of myocardium at the valve orifices (2), we found no improvement over calculations from standard leading edge to leading edge measurements and thus used the latter in our calculations. Our M-mode echocardiographic predicted value for left ventricular mass gave good sensitivity and specificity in diagnosing left ventricular hypertrophy. In agreement with another study (3) , this was superior to all current electrocardiographic criteria. Two-dimensional echocardiography. Numerous twodimensional echocardiographic mathematical models were recently developed for quantifiable two-dimensional echocardiographic image tracings (8, 9, 22, 23) . Two of the best models for quantifying left ventricular mass were tried in the present study and found to be poorer in correlation with actual left ventricular mass in our patient group than originally reported (8, 9, 23) . This may be due to technical difficulties encountered in obtaining quality images in patients in a premorbid condition and also to sampling error in the 19 patients studied. Many factors restrict two-dimensional echocardiographic image quality, and these, in tum, affect the predicted left ventricular mass and its accuracy in diagnosing left ventricular hypertrophy (24) . In 19 patients it was surprising to observe a sensitivity of 92% for twodimensional echocardiographic diagnosis of left ventricular hypertrophy, but this was coupled with a low specificity of 43% and a poor correlation when linear regression was performed with necropsy left ventricular mass. At present, we believe two-dimensional echocardiography cannot diagnose left ventricular hypertrophy better than M-mode echocardiography.
Nomogram for M-mode echocardiographic left ventricular mass. Because automated equipment for performing the calculation of Reichek and Devereux for M-mode echocardiographic left ventricular mass is not universally available at present, we devised a nomogram with left ventricular mass meridians (Fig. 4) . It represents graphically the M-mode echocardiographic mass prediction formula of Reichek and Devereux, with meridians plotted for resultant masses of 100, 200, 300 and 400 g. This mathematical model has been verified both in their work (2, 3) and in this study. After measuring interventricular septal and left ventricular posterior wall thicknesses with standard measurements, the observer locates their mean on the vertical axis and follows this to where it intersects measured left ventricular internal diameter on the horizontal axis. The predicted left ventricular mass may be estimated closely from terminat ion o f le ft ve ntr ic u la r (L V) mass from M-mode ec hocardiographic meas ure me nts . Aft er e nd-d ias to lic M -mode measurem ents are m ad e . th e me an of inte rve ntricular septa l (I VS ) and le ft ventric ular po ste rio r wall (L V PW ) th ickne sse s is found o n th e ve rtical ax is a nd foll o wed to w he re it inte rsects w ith the left ve ntri cu lar int ernal chamber di amet er (LV ID) on the horizontal ax is . Left ve ntricul ar ma ss ca n th en be es timate d from th e rel at ion of th is po int to th e four left ventricul ar m ass meridians plotted. All point s abo ve the 265 g mass meridian (grey zone) re flect a n ab no rma lly hea vy left ve ntricl e usin g crite ria from the pr e sent study . Coordinates th at lie in th e upper left of the grey zone reflect conce ntric left ve ntric u lar hyp ertrophy with thi cke ned le ft ve ntr ic u lar wa lls and no co rrespo nd ing chamber d ilation. Toward th e middle and lo wer right o f th e grey zone lie reg ion s w he re th e chamber d ilati on is in prop ortion w ith the wall thickening in th e situa tio n o f eccentric left ve ntricular hype rtro phy . a.
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the four mass meridians plotted . A mass above 265 g (shaded region ) reflects a hypertrophic left ventricle. The upper left of the shaded zone is con sistent with conc entri c left ventricular hypertrophy , and the low er right is consistent with a dilated left ventricle with hypertrophy or eccentric left ventricular hypertrophy . Th is graph, then , dispen ses with upper limits for normal wall thickness and chamber diameter and allows visualization of the severity of left ventri cul ar hypertrophy, which ca n be followed in a patient. Because left ventricular masses rarely reac h 400 g , a predi cted left ventric ular mass slightly above the 265 g meridian is abnormal and should be considered hypert rophic unt il pro ved otherwise . In situations that affect wall and chamber mea surements. such as asymmetr ic septal hype rtro phy and isolated scarring with compen satory hypertroph y , this prediction of mass may be suspect and need s further verification .
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